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This paper assesses the use of alkali activation technology in the valorization of 21 
a spent Fluid Catalytic Cracking (FCC) catalyst, which is a residue derived from 22 
the oil-cracking process, to produce ‘geopolymer’ binders. In particular, the 23 
effects of activation conditions on the structural characteristics of the spent 24 
catalyst-based geopolymers are determined. The zeolitic phases present in the 25 
spent catalyst are the main phases participating in the geopolymerization 26 
reaction, which is driven by the conversion of the zeolitic material to a highly 27 
Al-substituted aluminosilicate binder gel. Higher alkali content and SiO2/Na2O 28 
ratio lead to a denser structure with a higher degree of geopolymer gel 29 
formation and increased degree of crosslinking, as identified through 29Si MAS 30 
NMR. These results highlight the feasibility of using spent FCC catalyst as a 31 
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1. Introduction 38 
 39 
Catalysis is a widely used process in the petrochemical industry for the 40 
transformation of crude oil to gasoline and other fuel products, with an  41 
economic impact estimated at more than 6.3 million barrels per day in 2012 in 42 
the U.S. alone [1]. A wide range of zeolites and molecular sieves are commonly 43 
used in the fluid catalytic cracking (FCC) process, but the catalysts are 44 
degraded when in use. Partial or complete regeneration of spent FCC catalyst 45 
can be carried out in some cases, although in the longer term its continual 46 
reuse is not possible due to irreversible deactivation and structural damage to 47 
the zeolitic material. More than 400 petroleum refineries worldwide refine 48 
crude oil via fluid cracking catalytic units [2], and ~160,000 tons of spent 49 
catalyst residue are produced every year by the petrochemical industry. 50 
However, with an anticipated 5% annual increase in catalyst consumption, the 51 
spent catalyst residue may exceed 200,000 tons annually within a few years 52 
[3]. This residue mainly consists of SiO2 and Al2O3, and can be considered as 53 
an agglomeration of zeolite crystals (mainly zeolite Y in the case of the material 54 
studied here) held together by an aluminosilicate matrix.  55 
 56 
During the cracking reactions, the surface of FCC catalyst particles can be 57 
contaminated with different cations (including Ni, V, Fe, Cu and/or Na), and 58 
coke (carbon) is deposited in ppm levels or more. According to the European 59 
waste catalogue (commission 94/3EEC), spent FCC catalyst (code 160804) is 60 
classified as a non-hazardous material and has been used in landfill, as a 61 
source of SiO2 and Al2O3 in the Portland cement clinkerization process [4], as a 62 
filler in asphaltic concretes [5], as a substitute for kaolin in the ceramic 63 
industry [6], as a raw material in the synthesis of some zeolites or for 64 
extraction of active Al2O3 [7,8], in the production of bricks through sintering 65 
processes [9], in the refractory industry [10] and as a supplementary 66 
cementitious material (SCM) in blended cement production [11–15]. 67 
 68 
The inclusion of spent FCC catalyst as an SCM in Portland cement blends can 69 
lead to an increase in the mechanical strength and the improvement of some 70 
durability properties as a consequence of its high reactivity with Ca(OH)2 71 
[12,13]. The zeolitic structures in spent FCC catalyst have the ability to 72 
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promote the formation of an Al-substituted C-S-H type gel (via the pozzolanic 73 
reaction) and/or hydrated aluminate phases [16]. The presence of some 74 
contaminants, such as Ni, can reduce the pozzolanic reactivity of the spent 75 
catalyst, and so the potential use of spent FCC catalysts in the production of 76 
Portland cement-based building materials must be very carefully assessed 77 
[14,17]. It has been reported that mechanical [18], thermal [19], and chemical 78 
treatments [20] can enhance the effectiveness of spent FCC catalyst as an SCM 79 
in ordinary Portland cement systems.  80 
 81 
Geopolymers are materials with properties similar to those of hardened 82 
Portland cement, produced through the alkali activation of an aluminosilicate 83 
precursor [21,22]. The geopolymer structure is dominated by an 84 
aluminosilicate type gel, comparable with an amorphous zeolite structure [23]. 85 
The interest in geopolymers as a potential alternative to Portland cement has 86 
increased considerably during the last two decades, as these materials can 87 
present technical, environmental and economic advantages when compared 88 
with conventional cements. Geopolymer production is associated with lower 89 
energy consumption and lower CO2 emissions compared with the Portland 90 
cement industry, as well as the benefit of providing a pathway to the 91 
valorization of high-volume reactive aluminosilicate industrial wastes or by-92 
products [22].  93 
 94 
Depending on the raw materials selected and their processing conditions, 95 
geopolymers can exhibit high compressive strengths, moderate shrinkage, and 96 
good performance when exposed to aggressive environments such as strong 97 
acids and high temperatures [23]. Industrial by-products such as fly ash from 98 
coal combustion, metallurgical slags, natural minerals including calcined clays, 99 
and volcanic ashes, have been successfully used as aluminosilicate precursors 100 
in the production of geopolymer systems [24]. However, the availability of those 101 
precursors in some parts of the world is limited, and therefore, there is an 102 
increasing need to identify different precursors with similar chemical and 103 
structural properties that can be widely available. Considering that spent FCC 104 
catalyst is a reactive aluminosilicate material which is produced in relatively 105 
high volumes and which does not currently have a direct pathway to 106 
valorization, it is likely that this material is a feasible precursor for the larger-107 
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scale synthesis of geopolymers; it has recently been demonstrated [25] that 108 
alkali-activation might be a desirable alternative for the valorization of this by-109 
product. 110 
 111 
The aim of the present study is to analyze in more detail the potential 112 
application of alkali-activation of spent FCC catalyst waste to produce 113 
alternative binders, through the development of a better understanding of the 114 
structural features of a new spent FCC catalyst-based geopolymer. The effect of 115 
the alkali and silicate content in the structure of spent FCC catalyst-based 116 
geopolymers is determined using X-ray diffraction (XRD), Fourier transmission 117 
transform infrared spectroscopy (FTIR), solid state nuclear magnetic resonance 118 
spectroscopy (NMR), and scanning electron microscopy (SEM).  119 
 120 
 121 
2. Experimental Program 122 
 123 
2.1. Materials 124 
 125 
Spent fluid catalytic cracking catalyst was supplied by BP Oil España 126 
(Castellon, Spain), and prior to activation was subjected to a mechanical 127 
treatment using a ball mill (Mill-2 Gabrielli) for 20 minutes to increase its 128 
reactivity [12,26]. Figure 1 shows the destruction of the spent fluid catalytic 129 
cracking catalyst particles as a consequence of the mechanical treatment 130 
applied.  The particle size range determined by laser granulometry was 0.8-100 131 
µm with a mean particle diameter of 17.1 µm. According to the chemical 132 
composition (table 1), the spent FCC catalyst has a SiO2/Al2O3 ratio close to 133 
unity. The total silica content determined in previous studies following the 134 
procedure suggested by Payá et al [27] was 48.3%, while the reactive silica 135 
content determined by a KOH (4M) attack was 41.3%. 136 
 137 
Figure 1. Scanning electron micrographs of A. untreated spent FCC catalyst 138 




Table 1. Chemical composition of the spent fluid catalytic cracking catalyst 142 
used, on an oxide basis, from X-ray fluorescence analysis. LOI is loss on 143 
ignition. 144 
 145 
The catalyst residue contains different crystalline zeolite phases, which are 146 
identifiable through XRD (Figure 2), with the use of the Powder Diffraction File 147 
(PDF) and American Mineralogist Crystal Structure Database (AMCSD) 148 
reference resources. The faujasite type-structure of dehydrated dealuminated 149 
US-Y zeolite (|Al5.6O22.4|∙[Si175.7Al16.3O384], PDF # 00-045-0112), ZSM-5 zeolite 150 
(MnAlnSi(96-n)O192∙16H2O; n<27; PDF # 00-044-0002) and mordenite 151 
((Ca,Na2,K2)Al2Si10O24∙7H2O; AMCSD # 0003444) were observed. Different high-152 
temperature aluminosilicate polymorphs such as sillimanite (Al2SiO5; PDF # 153 
00-038-0471), kyanite (Al2SiO5; PDF # 00-011-0046), and mullite 154 
(3Al2O3∙2SiO2; PDF # 00-015-0776), as well as quartz (SiO2, PDF# 00-046-155 
1045), were also identified. Sillimanite and kyanite are used as active fillers in 156 
catalysts in the petroleum industry [28]; non-catalytic or non-reactive alumina-157 
silica compounds are used in the catalyst to remove carbonaceous and metallic 158 
contaminants (Ni or V) [29]. The spent FCC catalyst also has a high content of 159 
amorphous (glassy) aluminosilicate phases as a consequence of the partial 160 
destruction of the zeolite structures by the inclusion of lanthanum and 161 
titanium during catalyst synthesis [30], and also in service. Lanthanum oxide 162 
(La2O3, PDF #00-022-0641) and some traces of aluminum titanium silicate 163 
(Al4Ti2SiO12; PDF # 00-022-0502) and anatase (TiO2, PDF # 00-021-1272) were 164 
also identified.   165 
 166 
As alkali activators, sodium silicate solutions were used, synthesized by 167 
blending distilled water, analytical grade sodium hydroxide pellets (NaOH; 168 
Sigma-Aldrich, Australia) and a commercial sodium silicate solution (PQ 169 
Silicates, Australia) with 28.7 wt.% SiO2, 8.9 wt.% Na2O and 62.4 wt.% H2O. 170 
The proportions of water, NaOH and sodium silicate were adjusted to produce 171 
alkali activators with compositions Na2O∙rSiO2∙11H2O, where r = 0, 1.0, and 172 





2.2. Sample preparation 177 
 178 
The spent FCC catalyst was activated with activator doses of 7 wt.%, 10 wt.% 179 
and 15 wt.% of Na2O, relative to the mass of spent catalyst residue, and a 180 
water/catalyst residue ratio of 0.50. The mix designs are given in Table 2.  181 
 182 
Table 2. Mix designs of geopolymer samples 183 
 184 
The pastes were mixed for three minutes and then poured into a plastic 185 
container and sealed for curing at 40˚C for 28 days. Samples were milled, 186 




2.3. Tests conducted 191 
The reaction products, and structures of the geopolymers produced, were 192 
assessed through: 193 
- X-ray diffraction (XRD) using a Bruker D8 Advance instrument with Ni-194 
filtered Cu Kα radiation, with a step size of 0.020º and 4s/step. 195 
- Fourier transform infrared (FTIR) spectroscopy via the KBr pellet 196 
technique, using a Bruker Tensor 27 spectrometer and 32 scans per 197 
spectrum. Spectra were collected in transmittance mode from 4000 to 198 
400 cm-1 at a resolution of 4 cm-1. 199 
- Solid-state 29Si and 27Al magic angle spinning nuclear magnetic 200 
resonance (MAS NMR) spectra were obtained on a Varian Direct Drive 201 
VNMRS-600 spectrometer (14.1 T) using a MAS NMR probe for 4 mm o.d. 202 
zirconia rotors and a spinning speed of νR =10.0 kHz. 29Si MAS NMR 203 
experiments were acquired using a pulse width of 4 μs and a relaxation 204 
delay of 20 s, and 3664-4096 scans. 27Al MAS NMR experiments were 205 
conducted at 156.3 MHz on the same instrument, with a pulse width of 206 
0.5 µs, a relaxation delay of 2 s, and 1024 scans. 29Si and 27Al chemical 207 
shifts are referenced to external samples of tetramethylsilane (TMS) and 208 
a 1.0 M aqueous solution of Al(NO3)3·9H2O, respectively. 209 
- Scanning electron microscopy (SEM) was conducted using a FEI Quanta 210 
microscope (ESEM) with 15 kV accelerating voltage. The samples were 211 
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evaluated in low vacuum mode to enable the analysis of uncoated 212 






3. Results and Discussion 219 
 220 
3.1. X-ray diffraction (XRD) 221 
 222 
The alkali-activation of the catalyst residue leads to the dissolution of the 223 
faujasite type zeolite (identified by XRD, as dehydrated, dealuminated zeolite Y), 224 
as shown in Figure 2 by the disappearance of the peaks assigned to this phase 225 
in the geopolymer samples. A higher alkalinity (lower SiO2/Na2O ratios) leads 226 
also to the dissolution of mordenite, whose peaks decrease with increasing 227 
alkali content. This behavior is also observed with higher SiO2/Na2O ratios in 228 
the silicate-activated systems.  229 
 230 
 231 
Figure 2. X-ray diffractograms of the spent FCC catalyst based geopolymers 232 
after 28 days of curing 233 
 234 
 235 
Some of the crystalline aluminosilicate phases identified in the unreacted spent 236 
FCC catalyst (Figure 2), such as mullite, kyanite and sillimanite, along with 237 
quartz, are observed in the geopolymer samples regardless of the activation 238 
conditions used. This is consistent with the known behavior of mullite and 239 
quartz in fly ash-based geopolymers, where these crystalline phases are seen to 240 
be unreactive [31]. However, the intensities of the peaks assigned to kyanite do 241 
decrease when the catalyst residue is activated with 15% Na2O, especially 242 
when the SiO2/Na2O ratio is also high (sample 15N2).  243 
 244 
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The higher deviation of the XRD data from the baseline at increased alkali 245 
content is attributed to the formation of a highly amorphous new gel, 246 
consistent with the well-known geopolymer gel [32]. The degree of amorphicity 247 
of this gel is controlled by the degree of polycondensation and/or the 248 
SiO2/Na2O ratio [33]. The higher amorphicity identified in the silicate-activated 249 
systems with high alkalinity (such as 15N1 and 15N2) can contribute to 250 
enhancement of the mechanical performance according to the results 251 
previously obtained by Tashima et al [25]. In that study, it was identified when 252 
producing FCC catalyst-based geopolymers that increasing the hydroxide 253 
concentration and the inclusion of soluble silica in the alkali activator 254 
promotes increased compressive strength, reaching values of up to 68 MPa 255 
after 3 days of curing at 65ºC.  256 
 257 
The absence of the diffraction peaks corresponding to the US-Y zeolite and the 258 
reduction of the mordenite peaks in the geopolymer samples, when compared 259 
with the unreacted catalyst residue (Figure 2), indicate that these phases are 260 
participating in the geopolymerization reactions. There was no new crystalline 261 
phase identified as a reaction product in the geopolymer samples. Albite, which 262 
was identified as a main crystalline phase in alkali-activated spent FCC 263 
catalyst geopolymers [25], was not identified in this study. Other products such 264 
as hydrosodalite that have been widely observed in metakaolin-based and fly 265 




3.2. Fourier transform infrared (FTIR) spectroscopy 270 
 271 
Infrared spectra of the unreacted spent FCC catalyst, and the alkali-activated 272 
pastes with different alkali concentrations and different SiO2/Na2O ratios, are 273 
shown in Figure 3. The spectra obtained were normalized in order to enable a 274 




Figure 13. Fourier transform infrared spectra of alkali-activated spent FCC 278 
catalyst geopolymers after 28 days of curing 279 
 280 
 281 
The band between 1200–950 cm-1 in the spectrum of the spent FCC catalyst 282 
residue is associated with the asymmetric stretching vibration mode of Si-O-T 283 
bonds (T: tetrahedral Si or Al), which is often called the “main band” in 284 
geopolymer spectra [37,38]. This band is centered at 1090 cm-1, corresponding 285 
to the asymmetric stretching of Si-O-Si bonds, which also show resonances 286 
due to symmetric stretching and bending modes at ~800 cm-1 and 459 cm-1, 287 
respectively [37,38]. The shoulder observed at 1185 cm-1 and the signal 288 
between 560-550 cm-1 are associated with the octahedrally coordinated 289 
aluminum present in the kyanite, mullite and sillimanite previously identified 290 
by XRD (Figure 2), and also potentially the mordenite in the spent residue, 291 
which might also contain some octahedral Al in extra-framework sites as 292 
consequence of the high temperatures to which the material is exposed during 293 
its use as a catalyst [39]. Tetrahedrally coordinated aluminum in the 294 
aluminosilicate phases is identified by the asymmetric stretch vibration of the 295 
AlO4- groups at 833 cm-1.  296 
 297 
The peaks located at 833, 789, 611, and 528 cm-1 correspond to the 298 
asymmetric, symmetric, double 6-ring and bending vibration modes of the 299 
aluminosilicate framework in dealuminated Y zeolites [40].  Additional peaks at 300 
1078, 1176 and 1206 cm-1 are also observed in dealuminated Y zeolites [39], 301 
but the signals of other Si-rich phases overlap these bands in the samples 302 
studied here. Zeolites have two types of acidity: Brønsted acid sites involving 303 
hydroxyl groups, and Lewis acid sites associated with three-coordinated 304 
framework aluminum or with extra-framework Al containing species, which 305 
can be identified at ~1400-1450 cm-1 in the spectra in Figure 3 [41]. Brønsted 306 
sites are observed via a band at 3000 – 3500 cm-1 (not shown in Figure 3) and 307 
an additional band at 1632 cm-1, associated with the bending vibration mode of 308 
–OH bonds in the mordenite structure [37,42]. The presence of the bands 309 
centered at ~1425 and 2360 cm-1 is likely to indicate the presence of some 310 
traces of ammonium cations and/or nitrile species which remain adsorbed on 311 
zeolites after its use as a catalyst [43].  312 
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3.2.1. Effect of alkali content. 314 
 315 
The alkali activation of spent FCC catalyst leads to the destruction of the 316 
zeolitic structures according to the XRD results (Figure 2), and the 317 
development of new amorphous phases with different structural and bonding 318 
features. The main band in the spectra of the unreacted spent FCC catalyst is 319 
reduced in intensity and broadened after alkali activation at 7 wt.% Na2O. This 320 
broad band identified in the geopolymers activated at 7 wt.% Na2O indicates 321 
structural disorder in the silicate-aluminate network, and potentially an 322 
incomplete degree of polymerization in the geopolymer product.  323 
 324 
However, at higher alkali concentrations (15 wt.% Na2O), this peak is narrowed 325 
and significantly more intense as a consequence of the higher extent of 326 
dissolution of the aluminosilicate precursor, contributing more silicate and 327 
aluminate species for geopolymer gel formation. Increased alkali content leads 328 
to a shift of the main (asymmetric stretch) band in spent FCC catalyst-based 329 
geopolymers towards lower wavenumbers, as a consequence of a higher 330 
content of Al incorporation into the geopolymer gel [44]. The intensity of this 331 
main band, and the extent of the shift to lower wavenumbers, depend on the 332 
degree of crosslinking and the chemical nature of the gel framework formed 333 
during the geopolymerization [45,46]. Activation with a higher alkali 334 
concentration accelerates the dissolution of the aluminosilicate species in the 335 
precursor, which can lead to an enhanced rate of geopolymer network 336 
formation [46]. However, excess alkalinity can also lead to a reduced extent of 337 
gel deposition and/or re-dissolution of the gel, because the concentration 338 
required to achieve supersaturation in the solution phase is higher, affecting 339 
the properties of the final binder product obtained [23].  340 
 341 
The activation process leads to a reduction in the intensities of the bands 342 
observed in the unreacted spent FCC catalyst at 460 cm-1, 528 cm-1 and 609 343 
cm-1, which is associated with the dissolution of the zeolite phases. The 344 
geopolymer product shows new bands at ~725 cm-1 and ~850 cm-1 attributed 345 
to the stretching vibration of Si-O-Si(Al) bridges, and stretching vibration 346 
modes of AlO4 sites, respectively [47]. The band at 725 cm-1 becomes stronger 347 
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and sharper at increased alkali contents (10 wt.% to 15 wt.% Na2O), which is 348 
attributed to a higher degree of Al substitution in the Si-rich gel.  349 
 350 
In silicate-activated systems with high alkalinity (10N1, 10N2, 15N1 and 351 
15N2), the new band between 880 – 900 cm-1, observed as a small shoulder on 352 
the main Si-O-T band, is assigned to the stretching vibration mode of Al-O 353 
bonds in condensed AlO4- groups. The band at ~584-590 cm-1 can be assigned 354 
to cyclosilicate vibrations whose intensity and width is associated with the Al 355 
and Si content in the geopolymer gel, along with the degree of structural 356 
disorder and/or deformation of the six-membered rings in the geopolymer gel 357 
structure. The fact that this band is observable and distinct indicates that the 358 
gel is relatively ordered. 359 
 360 
The band at 1632 cm-1 in the spectrum of the unreacted spent FCC catalyst 361 
becomes more intense, and shifts slightly towards higher wavenumber  (~1650 362 
cm-1) in the geopolymer pastes, as a consequence of the presence of more 363 
adsorbed hydroxyl groups (≡Si−OH⋯H2O and ≡Al−OH⋯H2O) in the 364 
geopolymer gel [48]. This band does not change significantly with alkali 365 
content.  366 
 367 
 368 
3.2.2. Effect of silica content 369 
 370 
The “main band” in the geopolymer spectra in Figure 3 shifts toward slightly 371 
higher wavenumber with increasing SiO2/Na2O ratio, regardless of the alkali 372 
content of the system. The main band for the geopolymer 15N0 (SiO2/Na2O 373 
ratio of 0) is centered at 1001 cm-1, and shifts to 1024 cm-1 when an alkali 374 
activator with a SiO2/Na2O ratio of 2.0 is used. Similar behavior is also 375 
observed at lower alkali contents, where the main band of 10N1 at 1016 cm-1 376 
shifts to 1032 cm-1 when the activator SiO2/Na2O ratio is increased from 1.0 to 377 
2.0 (10N2). This shift in the main band is attributed to the reduced bond length 378 
and/or increasing bond angle in the Si-O-T bonds as a consequence of a higher 379 
content of SiO2 and higher extent of crosslinking, consistent with the formation 380 
of a Si-rich gel with a reduced Al content, along with a reduction in the fraction 381 
of silicon sites with non-bridging oxygens (Q3 sites) [45,49-51]. Additionally, the 382 
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bands at 584 and 725 cm-1 shift towards higher wavenumbers, which is also a 383 
consequence of the more Si-rich environment in the gel.   384 
 385 
The band corresponding to the bending vibration mode of –OH (~1650 cm-1) is 386 
shifted slightly towards lower wavenumber with an increased SiO2/Na2O ratio, 387 
which is attributed to a potential increase in the prevalence of the O-H⋯O bond 388 
interaction in the gel [52]. This could take place as the gel densifies and 389 
becomes more compact, as the O-H bonds of water molecules in the pores are 390 







3.3. Nuclear magnetic resonance spectroscopy (MAS NMR) 398 
 399 
3.3.1. 27Al MAS NMR 400 
 401 
The 27Al MAS NMR spectrum of the unreacted spent FCC catalyst (Figure 4) 402 
shows broad bands in the regions assigned to octahedrally (-10 to 30 ppm), 403 
pentahedrally (30 to 50 ppm) and tetrahedrally (50 to 80 ppm) coordinated Al 404 
sites. Considering that this precursor is composed of a variety of zeolite phases, 405 
along with other Al-containing minerals, as has previously been identified by 406 
XRD (Figure 2), none of these peaks can unambiguously be assigned to the 407 
contribution of a single phase.  408 
 409 
 410 
Figure 34. Solid state 27Al MAS NMR spectra (14.1 T, 𝜈𝜈R = 10 kHz) of 411 
geopolymers, recorded after 28 days of curing. 412 
 413 
 414 
The breadth of the 27Al resonances in these high-resolution, high-field spectra 415 
suggests the presence of substantial amounts of disordered Al-containing 416 
phases. The spectrum of the spent FCC catalyst (Figure 4) shows somewhat 417 
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sharp, high intensity peaks at 10 ppm and 58 ppm, which are assigned 418 
respectively to the resonances of 6- and 4-coordinated aluminum species in 419 
ordered environments. These are consistent with the sillimanite [53], kyanite 420 
[54] and zeolite [55] structures identified by XRD in section 3.1. A low intensity 421 
signal at 28 ppm is also identified, which could be attributed to surface defect 422 
sites in the dehydrated dealuminated US-Y zeolite [56]. The broad signals 423 
observed between 30-50 ppm may be indicating the presence of aluminum 424 
species in a disturbed tetrahedral coordination (AlIV) or penta-coordinated 425 
species (AlV) [57–59].  426 
 427 
In service in the catalytic cracking process, the FCC catalyst undergoes further 428 
hydrothermal dealumination, leading to removal of up to 90 wt.% of the 429 
tetrahedrally-coordinated aluminum from the zeolite framework, and 430 
consequently, hydroxyl groups associated with silicon replace aluminum-431 
containing bonds [60]. These silanol groups are associated with the formation 432 
of a secondary mesopore surface and other structural defects induced by the 433 
loss of aluminum, resulting in a more potentially reactive material. The 434 
presence of distorted species containing tetrahedrally coordinated Al, as a 435 
result of the partial destruction of the framework while the material is in 436 
service as a catalyst, is consistent with the amorphous hump observed in the 437 
X-ray diffractogram of the unreacted spent catalyst (Figure 2).  438 
 439 
Changes in the line shape of the 27Al NMR spectrum after activation, compared 440 
to the unreacted spent catalyst, are a strong indication of which phases are 441 
participating in the geopolymerization reaction, and also provide a measure of 442 
the structural characteristics of the newly-formed gel. After the activation of 443 
the spent catalyst, the band at 28 ppm has almost completely disappeared as a 444 
consequence of the dissolution of the US-Y zeolite phase, independent of the 445 
alkali concentration used during the activation process, which is consistent 446 
with the results obtained by XRD (Figure 2). The spectrum also shows a 447 
decrease in the intensity of the resonance at 10 ppm, more pronounced at 448 
higher alkali contents. The dissolution of the dealuminated Y zeolite is also 449 
identified through the disappearance of the resonance attributed to octahedral 450 
Al. The low intensity remnant 6-coordinated Al band observed after alkali-451 
activation is attributed to the residual mullite phase [61], which remains 452 
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invariant in the XRD, and therefore seems not to participate in the 453 
geopolymerization reaction process. 454 
 455 
The narrow resonance of AlO4 groups (58 ppm) in the spent FCC catalyst 456 
becomes broader with the alkali activation, which is associated with the 457 
formation of a highly crosslinked disordered aluminosilicate gel type, being the 458 
main reaction product in alkali-activated aluminosilicate binders [62], and 459 
consistent with the aluminosilicate (geopolymer) gel identified by FTIR and XRD 460 
above. Geopolymers with low alkali content (such as the 7N systems, 461 
regardless of SiO2/Na2O ratio) show only a slight shift in the AlVI resonance 462 
compared with the unreacted FCC catalyst. On the other hand, at higher alkali 463 
content (especially for geopolymers 15N), the spectra exhibit a very notable 464 
decrease in the intensity of AlVI sites, and a corresponding increase in AlIV. This 465 
effect is identified at all SiO2/Na2O ratios in the 15N systems. The strong signal 466 
of this tetrahedral Al species (~58 ppm) for the 15N1 and 15N2 geopolymers 467 
indicates a very highly polymerized structure among the Q4(nAl) silicate 468 
species.  469 
 470 
 471 
3.3.1. 29Si MAS NMR 472 
 473 
29Si MAS NMR spectroscopy was carried out for two selected silicate-activated 474 
systems, and the unreacted FCC residue (Figure 5). The spent catalyst contains 475 
silica and alumina present within various phases, such as zeolites and other 476 
aluminosilicate minerals, and thus a wide range of silicon environments can be 477 
identified as discussed throughout this study. The spectrum of the unreacted 478 
spent FCC catalyst is consistent with the presence of highly dealuminated 479 
zeolites (peak at -107 ppm), and also contains a distribution of Q3(nAl) and 480 
Q4(nAl) sites, with n between 0 and 4 [63], as well as sites where the Si is 481 
associated with octahedral as well as tetrahedral sites, as in the mullite, 482 
kyanite and sillimanite structures. The narrow resonance at -107 ppm is 483 
mainly attributed to the Q4(0Al) sites of the US-Y zeolite [64]. Although a 484 
resonance in this position can also be attributed to quartz, the absence of this 485 
peak in the spent catalyst-based geopolymers, and the XRD results (Figure 2) 486 
where the US-Y zeolite is not observed and the small amount of quartz present 487 
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is still identified in activated pastes, it is likely that the intensity of these peaks 488 
is mainly contributed by the remnant US-Y zeolite. Given the extremely slow 489 
relaxation times of  29Si in quartz (T1 values on the order of an hour have been 490 
measured for quartz in the instrument used here, compared to the recycle 491 
delay of 20 s used here), it is likely that any quartz sites remained close to 492 
saturated throughout the experiment, and thus contributed very little to the 493 
measured spectra. 494 
 495 
 496 
Figure 45.  Solid state 29Si MAS NMR spectra (14.1 T, 𝜈𝜈R = 10 kHz) of 497 
geopolymers recorded after 28 days of curing  498 
 499 
 500 
The broad resonance centered at around -113 ppm is in agreement with the 501 
resonances typically identified in mordenite [65], ZSM-5 zeolite [66], as well as 502 
highly dealuminated US-Y zeolite (steamed at high temperature) [64]. According 503 
to Klinowski et al. [65], the Q4(3Al), Q4(2Al) and Q4(1Al) sites from the 504 
amorphous component of deactivated zeolite phases composing the spent FCC 505 
catalyst should be located at -94.5, -101.5 and -103 ppm, respectively. The 506 
high concentration of Q4 species is coherent with the high intensity of the 507 
bands identified in the FTIR spectra (Figure 3) at 1090 cm-1 and 459 cm-1. A 508 
site at around -87 ppm is able to be assigned to several of the different 509 
aluminosilicate polymorphs identified by XRD: mullite, sillimanite and kyanite. 510 
While this site cannot be assigned to an individual silicon environment in these 511 
materials, it best is described as an sillimanite-type site, where the SiO4 512 
tetrahedron is surrounded by three AlO4 and one AlO6 polyhedra [54,67]. This 513 
is consistent with the mullite, sillimanite and kyanite structures as identified 514 
by XRD (Figure 2), and the presence of the 4-coordinated and 6-coordinated Al 515 
sites identified in the 27Al MAS NMR of the alkali-activated catalyst residue 516 
(Figure 4). 517 
 518 
As a function of the degree of dealumination of the zeolites, the formation of 519 
terminal hydroxyl groups in environments such as Si(OSi)3OH and 520 
Si(OSi)2(OH)2 species (Q3 and Q2 sites respectively) can be promoted at the 521 
outer surface or internal defect sites [55]. While it is difficult to clearly 522 
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distinguish these sites in the spectrum of the unreacted spent catalyst, it is 523 
likely that these sites make a small contribution to the broad resonance 524 
identified in the spectra in Figure 5 between -90 and -100 ppm.  525 
 526 
The alkali-activation of the spent catalyst promotes the formation of an intense, 527 
asymmetric broad band centered at -92 ppm, associated with the formation of 528 
an aluminosilicate type gel. In the 7N2 geopolymers, a shoulder is observed in 529 
the region between -100 ppm and -120 ppm, attributed to the Q4 sites of the 530 
remnant dealuminated zeolites from the spent catalyst that have not been 531 
completely consumed during the geopolymerization reaction. Taking into 532 
account the XRD results (Figure 2), it is likely that US-Y zeolite contributions 533 
are not observed in this region, as it seems that this phase is consumed during 534 
the geopolymerization reaction even at low alkalinity conditions. The 535 
resonances in the region between -80 ppm and -100 ppm are assigned to the 536 
Q4(nAl) sites of the newly formed geopolymer gel, consistent with the formation 537 
of a three dimensional highly crosslinked type gel, as previously observed by 538 
29Si MAS NMR in other low-calcium geopolymers [68] These results are 539 
consistent with the trends observed by FTIR in these samples, as higher 540 
wavenumbers of the FTIR bands attributed to the T-O-T bonds are identified at 541 
higher alkali content (Figure 3). 542 
 543 
The spectrum of the geopolymer sample formed at higher alkali content (15N2) 544 
shows a reduction in the intensity of the shoulder between -100 ppm and -120 545 
ppm, as observed in the 7N2 geopolymers. This suggests a higher extent of 546 
dissolution of the dealuminated zeolite phases of the spent catalyst at higher-547 
alkalinity activation conditions, as was suggested from the FTIR results in 548 
Figure 3. Additionally, the spectrum of 15N2 is slightly narrowed compared to 549 
that of the 7N2 geopolymer, indicating a higher degree of ordering of the 550 
aluminosilicate type gel formed at higher alkalinity conditions, which has also 551 
been identified in the 27Al MAS NMR results (Figure 4) via the sharpening of the 552 
4-coordinated Al band at increased alkalinity.  There is a slight increment in 553 
the intensity in the region between -80 ppm and -100 ppm in the 15N2 554 
spectrum compared to the 7N2 binders, as a consequence of the higher degree 555 
of Al incorporation in the aluminosilicate gel. This is consistent with the 556 
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increased intensity of the AlIV region in the 15N2 geopolymers in Figure 4, and 557 
the increased intensity of the FTIR band at 725 cm-1 in Figure 3, at higher 558 
alkaline contents.  559 
 560 
The spectra of reacted and unreacted spent FCC catalyst materials could not 561 
be deconvoluted into component Gaussian peaks for quantification of the 562 
component peaks, as the remnant spent FCC catalyst in the geopolymer 563 
samples contributes to the spectrum in the region consistent with Q4(3Al), 564 
Q4(2Al) and Q4(1Al) sites. This region thus overlaps with the highly crosslinked 565 
sites in the geopolymer gel formed, making it impossible to predict which 566 
particular sites within the unreacted spent catalyst dissolve faster than others, 567 
as it is unknown whether the amorphous component of the remnant precursor 568 
embedded in the geopolymer binders is in a gel type structure or in a glass type 569 
structure, and also whether there is any AlVI present within this amorphous 570 
component. Further research therefore needs to be conducted in this area 571 
before spectral deconvolution could be reliably conducted.  572 
 573 
 574 
3.4. Scanning electron microscopy (SEM) 575 
 576 
Figure 6 shows SEM images of spent catalyst based geopolymers formulated 577 
with different alkali concentrations and an SiO2/Na2O molar ratio of 1.0. The 578 
images show morphological differences in the gels formed, as a function of 579 
alkalinity. The geopolymers show a rough, heterogeneous structure, and the 580 
presence of partially reacted FCC catalyst particles (compare to unreacted 581 
particles in Figure 1), which leads to the formation of a spongy structure at low 582 
alkali content (7N1). This is probably less desirable in terms of binder 583 
performance and permeability than the denser and more homogeneous 584 
structure of the 15N1 binder. The more homogeneous structure for 15N1 is 585 
consistent with the higher dissolution and polymerization degree identified 586 
above, which leads to the formation of an aluminosilicate gel product with a 587 




Figure 56. Scanning electron micrographs of pastes with different alkali 591 
content (A. 7N1, B. 10N1, and C. 15N1) after 28 days of curing.  592 
 593 
 594 
Figure 7 shows micrographs of the fracture surfaces of spent FCC catalyst-595 
based geopolymers activated with 15 wt.% Na2O, with different SiO2/Na2O 596 
ratios. The silicate-activated systems (Figure 7B,C) exhibit a denser gel 597 
structure with fewer large interconnected pores, as well as fewer unreacted 598 
particles from the aluminosilicate precursor. It is expected that the 599 
improvement in structural homogeneity of the geopolymers promotes the 600 
development of improved performance and enhanced durability as observed in 601 
[25], and consistent with results obtained in other geopolymer systems based 602 
on different aluminosilicate precursors, such as metakaolin [68] and fly ashes 603 
[35]. The increase in the silica content from system 15N1 to 15N2 does not 604 
show to promote significant differences in the gel structure, but the less 605 
favorable rheology of the highest-silica system seems to have led to the 606 
inclusion of a greater number of relatively large air bubbles in this specimen.  607 
 608 
 609 
Figure 6 7 Scanning electron micrographs of pastes with different SiO2/Na2O 610 
ratio (A. 15N0, B. 15N1, and C. 15N2) after 28 days of curing.  611 
 612 
 613 
4. Conclusions 614 
 615 
This study has demonstrated the potential of a zeolite-based spent fluid 616 
catalytic cracking catalyst as an effective precursor for the production of 617 
geopolymer binders. In these systems, the remnant dealuminated zeolites in 618 
the unreacted spent residue are readily dissolved, even when activation is 619 
carried out under relatively low alkalinity conditions, indicating the high 620 
reactivity of this precursor during the alkali-activation reaction. Increased 621 
alkali contents lead to the formation of a highly dense and crosslinked 622 
aluminosilicate type gel, when compared with the gels formed at lower alkali 623 
content, which were enriched in Si and present a rather heterogeneous 624 
structure with interconnected pores. This is related to the high alkalinity 625 
19 
required to promote the dissolution of the AlO4- species from the distorted 626 
zeolite structures and other phases present in the spent catalyst. This is 627 
consistent with the fact that independent of the alkali content, an increased 628 
reactive SiO2/Al2O3 ratio promotes the formation of highly crosslinked Si-629 
enriched type gels with low Al content. This work then provides the basis for 630 
further developments in this area, as a means of valorizing spent fluid catalytic 631 
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  817 Con formato: Normal (Web), Sangría:
Izquierda:  0 cm, Sangría francesa: 
1,13 cm, Interlineado:  Múltiple 1,3 lín.
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Table 1. Chemical composition of the spent fluid catalytic cracking catalyst 818 
used, on an oxide basis, from X-ray fluorescence analysis. LOI is loss on 819 
ignition. 820 
















LOI (950˚C) 0.50 
 821 
  822 
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 823 
Table 2. Mix designs of geopolymer samples 824 
Geopolymer 
Alkali content  
(wt.% Na2O) 
SiO2/Na2O molar 
ratio in alkali 
activator 
7N0 7 0 
7N1 7 1.0 
7N2 7 2.0 
10N0 10 0 
10N1 10 1.0 
10N2 10 2.0 
15N0 15 0 
15N1 15 1.0 
15N2 15 2.0 
 825 
  826 
27 
 827 
  828 
Figure 1. Scanning electron micrographs of A. untreated spent FCC catalyst 829 
and B. ball-milled FCC catalyst. 830 
  831 
28 
 832 
Figure 2. X-ray diffractograms of the unreacted spent FCC catalyst and 833 
geopolymers produced after 28 days of curing 834 




Figure 3. Fourier transform infrared spectra of alkali-activated spent FCC 
catalyst geopolymers after 28 days of curing. 
836 
30 
   837 
 838 
Figure 4. Solid state 27Al MAS NMR spectra (14.1 T, 𝜈𝜈R = 10 kHz) of 839 
geopolymers, recorded after 28 days of curing. 840 




Figure 5.  Solid state 29Si MAS NMR spectra (14.1 T, 𝜈𝜈R = 10 kHz) of 844 
geopolymers recorded after 28 days of curing  845 
  846 
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  847 
Figure 6. Scanning electron micrographs of pastes with different alkali content 848 
(A. 7N1, B. 10N1, and C. 15N1) after 28 days of curing.  849 
 850 




Figure 7. Scanning electron micrographs of pastes with different SiO2/Na2O 854 
ratio (A. 15N0, B. 15N1, and C. 15N2) after 28 days of curing.  855 
 856 
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